The main objective of this study is to investigate the major physical processes taking place inside an infant incubator, before and after modifications have been made to its interior chamber. The modification involves the addition of an overhead screen to decrease radiation heat losses from the infant placed inside the incubator. The present study investigates the effect of these modifications on the convective heat flux from the infant's body to the surrounding environment inside the incubator. A combined analysis of airflow and heat transfer due to conduction, convection, radiation and evaporation has been performed, in order to calculate the temperature and velocity fields inside the incubator before and after the design modification. Due to the geometrical complexity of the model, Computer-Aided Design (CAD) applications were used to generate a computer-based model. All numerical calculations have been performed using the commercial Computational Fluid Dynamics (CFD) package FLUENT, together with in-house routines used for managing purposes and User-Defined Functions (UDFs) which extend the basic solver capabilities. Numerical calculations have been performed for three different air inlet temperatures: 32, 34 and 36ºC. The study shows a decrease of the radiative and convective heat losses when the overhead screen is present. The results obtained were numerically verified as well as compared with results available in the literature from investigations of dry heat losses from infant manikins.
Introduction
Computational Fluid Dynamics (CFD) has been greatly developed over recent years, mostly due to the rapid advance of computer technology. It is now possible to simulate scientific problems in domains with complex geometries, including several combined processes taking place simultaneously. The present study investigates the major mechanisms of heat transfer between a newborn infant and the closed environment inside an infant incubator, in order to validate the usefulness of a design modification made to the incubator by fitting additional overhead screens.
Numerical techniques have been successfully used to describe the thermal interaction between the human body and its surrounding environment [1, 2, 3, 4] . However, most of these studies were undertaken with reference to adults whose physical shape, thermo-physiological properties and thermoregulatory processes are different from those of infants [5, 6, 7] . Analyses investigating physical processes occurring inside an infant incubator have mostly been made only through experimental techniques [8, 9, 10, 11] . Since experiments are very difficult to perform during intensive care stays in hospitals, when human life may be at stake, numerical simulations are very useful in many situations. Such procedure can provide a wealth of data and assist in the design of more efficient, safe and reliable medical equipment.
The present paper analyses the mass flow and heat transfer mechanisms inside a double-wall infant incubator. Several studies have examined the effects of double-wall incubators on the body heat loss of premature infants [12, 13, 14] , and showed that double-wall incubators are capable of reducing the heat loss by radiation. However, references [12] and [13] have attained this conclusion by using indirect measurement techniques like the oxygen consumption of the nursed baby, or by calculations of the heat balance components using average values of the air and walls temperatures. Additionally, average values of the air velocity have been used in order to calculate convective heat losses and, in each case, the geometry of the incubator, interior walls and the baby have not been considered. Therefore, none of those previous studies can provide accurate information on the values of the radiative and convective heat fluxes exchanged between the baby and the surrounding environment. This is probably the reason why the shape and position of the interior walls vary, depending of the manufacturer and specific incubator model. The study presented in this paper describes a procedure that can be used to calculate more accurate values of the above-mentioned parameters and to analyse the impact of the interior screens on the heat transfer processes and, therefore, the total heat balance of the baby.
The Caleo™ infant incubator, manufactured by the German company Dräger, has been used as a research unit in the presented study. In order to establish the influence of the interior walls on the heat balance of the baby, calculations for three different internal environment conditions have been performed for the incubator model, with and without the double walls in place. Velocity and temperature fields have been calculated in order to investigate the impact of the double walls on the thermal comfort of the baby. Therefore, convective and radiative heat losses from the baby to the surrounding environment, which are essential terms in a global energy balance of the infant, were obtained using CFD and compared in both cases. Heat losses due to evaporation of moisture from the newborn skin and during the respiration process also play a very important role in the total heat loss. However, since these processes are strongly dependent on the humidity of the air, rather than the air temperature and velocity in the analyzed range, their impact have only been included based on empirical data and equations provided in the literature [8, 9, 15] .
CFD results are also compared with those presented by Elabbassi et al. [16] for the heat losses measured for thermal manikins. Since different incubators were used in the above experiments, the comparison is more qualitative than quantitative.
Methodology
In order to make the calculation process fully automatic, a managing program was created to deal with all the essential stages of the numerical simulation, step by step. A detailed scheme of the algorithm is presented in Figure 1 . At the beginning, the program reads information on parameters required to build the geometric model. In the next step, the GAMBIT pre-processor software is launched and the geometric modelling and mesh generation processes are performed. The geometry of the interior and exterior incubator domains are generated based on the pre-defined model created earlier in the CAD application, to increase accuracy and save time. After generating a mesh file, a journal file for the numerical calculation is prepared based on the data provided in the input file. Information considering the material properties, boundary conditions and initial settings are included and the main analysis solver FLUENT is launched. In the initial run of the solver, the thermal boundary condition on the external wall of the incubator is set with a constant temperature value. As a result of this setting, the surface heat flux profile is determined. The profile obtained is further used as a heat flux boundary condition for the second exterior model used to calculate flow and thermal processes outside the incubator. After performing the calculations for the exterior model, the managing program reads the new temperature field on the external wall of the incubator and returns this information as a temperature boundary condition to the first, interior model. This iterative process between the two models continues until the convergence criteria are satisfied. The iterative method between the two separated domains proved to be very useful for specifying accurate temperature boundary conditions for the interior model. Moreover, it decreased the computational time and storage requirements for the calculations. The managing program was used to perform calculations for the incubator before the design modifications were undertaken, and later with the inclusion of the overhead screen.
Model Geometry
In previous studies, a simplified infant physical shape was often adopted, usually represented by geometric primitives such as spheres or cylinders. With the assistance of the CAD application CATIA, the geometric representation of the infant child, incubator and incubator's interior and exterior domains were generated with high accuracy. It is believed that the position and the physical shape of the infant would have an important influence on its thermal condition. Therefore, parametric capabilities of the CAD application can be utilised for adjusting the geometry of the model to the specific case examined.
Dimensions required to build the representation of the infant incubator were obtained from the technical documentation provided by the manufacturer. The model was based on the Caleo™ Infant Incubator manufactured by the German company Dräger [17] . Some additional measurements were also taken in a collaborating hospital in Katowice, Poland. The complete model can be seen in Figure 2 .
All the required information related to the geometry of the baby was taken from the measurements of a natural size baby doll and confirmed with basic data provided by the medical literature. Based on that information, a parametric model of the infant child was created. Several parameters, such as length and periphery of the head, chest, arms and legs were set in order to adjust the physical representation of the child placed inside the incubator. The final model can be seen in Figure 3 . 
Mathematical Model

Basic assumptions
• The combined heat and mass transfer processes are in steady state.
• The airflow through the incubator is turbulent and viscous. The Shear-Stress Transport (SST) k -turbulence model has been used in all simulations, with a correction for flows characterized by a low Reynolds number.
• The skin temperature is the same for all cases considered.
• All calculations were performed for a representative baby whose basic geometrical and physiological data are provided in Table 1 . Energy balance of the newborn baby • The metabolic heat generated by the baby is either stored or dissipated to the surrounding environment due to conduction, radiation, convection, and evaporation of water from the skin and respiratory track. However, since the heat transport processes calculated in this study are considered to be in a steady state, accumulation terms have not been considered. An energy balance equation can therefore be written as [15] :
where M Q is the metabolic heat generated by the body (W), Con Q , Rad Q , Cov Q Evp Q ,represent heat dissipation to the environment due to conduction, radiation, convection, evaporation of moisture from the newborn skin (W).
• The total metabolic heat transfer generated by the baby (W) was calculated based on the following equation [18] :
where m is the baby weight (kg) and p is the baby's age (days).
• The temperature on the surface of the mattress on which the baby is placed inside the incubator is set to be equal to the baby skin temperature. Therefore, no conduction heat loss between infant and mattress was considered in this study. This is a reasonable assumption following Wheldon [19] , who states that the rate of heat transfer by conduction is small for a baby lying on a foam mattress.
• Heat exchange by conduction and convection between the baby and the surrounding environment inside the incubator is calculated by the FLUENT solver. Those quantities are determined through the solution of the mass, momentum and energy conservation equations. Radiation heat exchange is also calculated by the main FLUENT solver using the discrete ordinates radiation model. Detailed information is provided in [20] .
• The impact of the water evaporation process from the newborn's body on the thermal balance of the baby has also been included. The following formula [15] has been used in order to calculate the value of the heat flux lost due to evaporation, Evp Q (W),
where v m is the rate of evaporation from the body (kg/s) and fg h is the enthalpy of vaporisation of water (kJ/kg).
Mathematical model components
The heat transfer analysis is based on the energy equation [21] 
where T is the temperature (K), k is the thermal conductivity (W/mK), is the density (kg/m 3 ), c is the specific heat (W/kgK), and t is time (s). The derivative on the right-hand side of equation (4) is the total derivative:
where u x , u y , u z , are the velocity components of vector u in the x-, y-, z-direction, respectively (m/s). Since only steady-state problems are studied in this work, the first term on the right-hand side of equation (6) vanishes.
The above equations are complemented by the continuity and momentum equations [21] , namely
where p is the pressure (N/m 2 ), F represents the body force term which in the present case has only a vertical component F z = g in the z-direction (N/m 2 ), g is gravity acceleration (m/s 2 ) and is the dynamic viscosity (Ns/m 2 ). The Boussinesq approximation was adopted for the buoyancy term in equation (17) . Thus, density takes the usual form
where is the thermal expansion coefficient (1/K), T 0 and 0 represent the operating parameters.
Model Discretisation
The entire mesh generation process was performed by the FLUENT pre-processor GAMBIT, and was managed by the additional in-house program. In the first stage of the generation process, the mesh generator reads the parameters of the basic model. Depending on the options chosen, different components with different sizes can be read and modified in GAMBIT. STEP files were used in order to convert geometrical data from the CATIA database into the GAMBIT format. All processes are fully automatic and governed by the mesh generator and the managing program.
The external faces of this model were meshed with three-node triangular elements as shown in Figures 4-5 . The interior air volume was meshed using four-node tetrahedron elements with local refinement that increases the accuracy of the results in areas of high importance (e.g. the space directly above the newborn's body surface), as presented in Figure 5 . All internal solid objects including overhead, top, bottom, and front screens, have been meshed using six-node wedge elements. In case when the calculations are performed for the incubator without overhead screen, solid cells representing this region are converted to fluid type. Therefore, re-meshing is not required to perform calculations for incubators without overhead screens.
Several calculations with different mesh sizes have been performed to verify the quality of the mesh. The number of points inside the incubator and in the exterior domain has been set up in such a way that the values of air temperature and velocity for the different meshes can be compared. Moreover, quantities like heat transfer due to radiation and total heat transfer exchange between the baby and the surrounding environment were also monitored and compared. Summarizing, for this analysis, 655,562 tetrahedral elements have been created with 163,890 nodes. Detailed mesh parameters are presented in Table 2 . Because of the vertical plan of symmetry within the computational domain, only half of the model needs to be studied, as presented in Figure 5 . This operation decreased the number of elements and reduced computing time and memory requirements. 
Boundary conditions
Airflow and exits
Velocity inlet boundary conditions were used to define the velocity and scalar properties of the flow and the four inlet boundaries. Pressure outlet boundary conditions were used to model air outflow from the domain. All material properties are based on the existing literature [15, 17] . The initial velocity and temperature of the air are based on [15] . All relevant parameters are presented in Table 3 .
Newborn's body boundary wall
The material properties are based on the existing literature [15, 17] . In addition, information on the temperature profile on the newborn's skin and the water mass flux can be found in [7, 18] . All the relevant parameters are presented in Table 4 .
External wall of the incubator
The material properties of the incubator walls are based on the existing literature [15, 17] . Two different materials were used to model the semi-transparent and opaque walls of the incubator. Properties of those materials are presented in Tables 5 and 6 . As mentioned in the previous sections, in order to obtain heat transfer and temperature distribution fields for the external wall of the incubator, iterative procedures between the interior and exterior domains have been introduced. The results obtained have been later used in the final calculations as a temperature profile on the external wall of the incubator. The temperature distribution on the external walls of the incubator, with and without the overhead screens, can be seen in Figures 18-19 . 
Solution procedure
After the creation of the grid, the managing program reads all the necessary information regarding the boundary conditions, material properties and initial parameters and writes them in the journal file. In the following step, the FLUENT main solver is launched and calculations are performed. Once a grid has been read into FLUENT, all remaining operations are performed within the solver. The solution algorithm is the segregated solver. Using this approach, the governing equations are solved sequentially, i.e. segregated from one another. 
Results and discussion
Simulations have been performed for three different cases, with two separate analyses each, with and without the overhead screen. The inlet air temperature for each case has been set at 32˚C, 34˚C and 36˚C, respectively. Figures 6-19 show calculation results for the case when the inlet air temperature is 34ºC. The heat transfer from the newborn child to the surrounding environment, especially the radiation and convection rates, is directly related to the temperature and air velocity within the incubator. Therefore, fields of these two quantities (with and without the overhead screen) are presented in Figures 6-9 . Moreover, based on this information, FLUENT calculates the heat losses from the infant's body, shown in Figures 10-13 . Additionally, estimated metabolic heat and evaporation heat loss values have been also provided in order to compare different components of the infant's heat balance. The relevant numerical values for all the analysed cases are also presented in Tables 7-9 .
The analysis confirms the air movement conforms to the basic working principles of the Caleo™ Infant Incubator [17] . Figures 6-9 show clear differences in flow and temperature fields before and after the modification. In the incubator with the internal screen, the main air stream from the inlets separates into two. One of these streams starts circulating and warms up the baby. The second stream warms up only the internal screen and after mixing with the stream from the inlets located on the opposite side of the incubator, it moves directly to the outlets. The analysis also shows that the circulating air creates a zone around the baby where the air velocity is almost zero. Due to this fact, convection heat losses from the child to the surrounding air in this region are greatly reduced in cases when the temperature of the surrounding air is lower than the baby's skin temperature. This process can be seen in Figures 10-11 , which show the distribution of the convective heat flux on the infant's body. The infant's chest and head are in direct contact with the circulating air. Therefore, the convection heat exchange is larger in those areas, although air velocities are very low (less than 1 cm/s).
The distribution of the radiative heat flux on the newborn's skin is presented in Figures 12-13 . A reduction of the heat loss due to radiation can be seen in Figure 13 . This fact indicates that incubators with internal overhead screens significantly decrease the radiative heat losses from the infant's body.
In extremely low birth weight infants, evaporation of moisture from the infant skin is the major source of heat loss. Using a high ambient humidity in the incubator reduces the loss of heat by evaporation. In this study, this process was examined for air with ambient humidity of 60%. Moisture evaporation from the skin and lungs is highly dependent on the water vapour partial pressure of the air. However, this quantity is not influenced by the additional internal screens. Therefore, in order to reduce calculation time and the complexity of the mathematical model, equation (3) has been used in order to estimate the value of the heat loss due to evaporation of moisture from the baby's skin.
To validate the numerical results in Tables 7-9 , a comparison was attempted with the experimental results of Elabbassi et al. [16] , who measured the dry heat loss in two anthropomorphic thermal manikins representing premature newborns of 900g and 1,800g. The two manikins were exposed to environmental temperatures ranging from 29 to 35˚C in a single-walled incubator. Elabbassi et al. [16] provided equations, obtained from linear regression, to estimate the dry heat loss (by conduction, convection and radiation) for each of the manikins.
The equations provided by Elabbassi et al. [16] were interpolated for the newborn considered in the present work, with a weight of 1,500g, for temperature values of 32, 34 and 36˚C. A comparison between CFD and experimental results in shown in Figure 20 . The comparison is qualitative rather than quantitative since different incubators were used in both analyses, but similar trends are observed in both cases. The results appear to confirm the efficiency of the Caleo™ incubator. 
Conclusions
From the thermal point of view, the Caleo™ infant incubator is a well-designed neonatal unit. The temperature and velocity fields show that the characteristic geometry and the specific way the air flows within the incubator are unique and very efficient. An additional overhead screen reduces radiative heat flux and also changes the airflow inside the incubator in such a way that the heat losses due to convection are smaller in a colder environment (when the average air temperature surrounding the baby is lower than the baby's temperature) and greater in situations when an additional amount of heat needs to be provided to the baby. From the medical point of view, a high level of humidity inside the incubator can be dangerous due to possible bacteria colonisation in the water traps of the incubator. Therefore, in this type of incubator, convection is the only possible means of providing an additional amount of heat to the child that can be useful for reducing total heat losses to the environment, or to increase the temperature of the newborn's body, if necessary. Additional internal screens not only proved to be efficient in reducing the radiative heat flux, especially for lower inlet air temperatures, but also improved convection heat exchange to satisfy the thermal comfort of the baby.
The results obtained in this study are in good agreement with previous calculations based on simpler methods [9] . Previous mathematical models used to calculate the energy balance of a neonate inside an incubator are based on the incubator geometry and ambient values of the air velocity and temperature, and can provide reasonable estimates of the energy balance components. However, Figures 10-13 show that the distribution of the radiative and convective heat fluxes on the neonate's skin is not even. Moreover, they are strongly dependent on the neonate's position inside the incubator. Figures 10-11 present distributions of the convective heat flux, which can have positive values (heat is lost from the child) or negative values (heat is provided to the child) on different parts of the body. This information is crucial not only for incubator designers but also for medical staff, who can select the optimal position of the child or settings of the incubator.
It can be assumed that the algorithm presented here is efficient and possesses the necessary capabilities for calculating the thermal factors present during neonatal care within an infant incubator. By using a numerical method, we can save time and money during the design process of new infant incubators, while maintaining levels of accuracy that are at least equivalent to those achieved in previous studies using simplified models. However, the CFD technique presented in this study can provide much more detailed information on the thermal state of the nursed baby. Additional measurements in real hospital conditions are currently being undertaken to further validate the models. The possibility of interfacing two different types of software, such as CAD and CFD, was also examined in this paper. In order to generate the complex incubator and human body geometries, a powerful CAD application (CATIA) was employed. A STEP file was then used to transfer the geometry created by the CAD application to the CFD software. Models transferred from CAD applications are much more accurate than models created directly in CFD packages. Therefore, a heat transfer analysis, which is strongly dependent on the model geometry, can be performed with higher accuracy. Unlike previous studies, using the procedures presented in this paper, individual cases can be examined. This includes identical twin infants placed in the same incubator or some extremely ill premature newborns.
As shown in this work, modern numerical methods can successfully be used in biomedical engineering to solve complex heat and mass flow problems with high accuracy. The algorithm described in this study is very efficient and flexible. New designs, materials and technologies can be examined first by using numerical models, which will save time and money in the complete design cycle of new products.
